Essential oil from fennel (Foeniculum vulgare) (FM) was tested as corrosion inhibitor of carbon steel in 1 M HCl using electrochemical impedance spectroscopy (EIS), Tafel polarisation methods and weight loss measurements. The results show that the increase of the charge-transfer resistance (R ct ) with the oil concentration supports the molecules of oil adsorption on the metallic surface. The polarization plots reveal that the addition of natural oil shifts the cathodic and anodic branches towards lower currents. Such shifts indicate that FM oil acts as a mixed-type inhibitor. The global rate of corrosion estimated by weight loss measurements confirms the above results. The inhibition efficiency attains a maximum of 76 % at 3 mL/L, but decreases with the rise of temperature. The analysis of FM oil, obtained by hydro-distillation, using Gas Chromatography (GC) and Gas Chromatography/Mass Spectrometry (GC/MS) showed that the major components were limonene (20.8 %) and β-pinene (17.8%). The adsorption of FM on the steel surface has been discussed according to the chemical composition of the oil, giving an explanation to the obtained results.
Introduction
The unforeseeable stops in the chain of industrial production due to corrosion become increasingly expensive and may cost billions of dollars each year for preventing and replacement of maintenance [1] . Then, the use of inhibitors is one of the most effective ways to prevent corrosion in various fields of application as acid pickling, industrial acid cleaning, acid descaling and oil well acidizing. Most of the efficient inhibitors are organic compounds that contain in their structures mostly nitrogen, sulphur or oxygen atoms. The organic corrosion inhibitors form protective film through the adsorption of their molecules on the metal surface while inorganic inhibitors act as cathodic and/or anodic inhibitors [2] [3] [4] . Recently, the use of some chemical inhibitors for corrosion prevention tends to be limited because of the environmental threat [5] . This has prompted, in several industrial sectors, the search for eco-friendly corrosion inhibitors for metals. Some of them are plant extracts, because they are environmentally acceptable, readily available and renewable source for a wide range of inhibitors needed. Plant extracts are incredibly rich sources of naturally synthesized chemical compounds (e.g. amino and organic acids, glucosinolates, alkaloids, polyphenols, tannins) and most are known to have inhibitive action. The uses of these natural products as corrosion inhibitors for different metals have been reported by several authors [6] [7] [8] [9] [10] . Raja and Sethuraman [11] , in their review, give a synthesis on the use of natural products as anti-corrosion agents which are eco-friendly corrosion inhibitors. They become a source of cheap and environmental safe substances. A survey of the available literature in our laboratory indicates that natural extracts as well as essential oil from natural substances may play major role in the protection of metals against corrosion. We have proved that the use of herbs as extracts, oils or purified compounds can be used as new type of green inhibitors for acidic corrosion of steel. Menthols [12] , artemisia [13] , eugenol and acetyleugenol [14] , rosemary oil [15] , thyme [16] , jojoba oil [17] , ginger [18] , bifurcaria bifurcata extract [19] , etc., have been investigated. Fennel (Foeniculum vulgare), member of the family of Apiaceae, grows wild in arid areas around Mediterranean Sea, and studies on the chemical composition of its essential oil are numerous in the literature [20] [21] [22] . The aim of this paper is to study the effect of fennel (Foeniculum vulgare) oil (FM) on the corrosion behaviour of carbon steel in hydrochloridric solution (1 M). Such FM oil effect is investigated using weight loss measurements, Tafel curves and AC impedance method. The corrosion inhibition mechanism is discussed based on the adsorption properties of FM oil on steel after immersion in the acidic medium.
Experimental
Carbon steel samples (0.21% C, 0.38% Si, 0.09% P, 0.01% Al, 0.05% Mn, 0.05% S) were used. Analytical grade 37% w HCl was used for the preparation of 1 M HCl by dilution with double distilled water. The inhibitory solution was prepared from the dissolution of the natural fennel (Foeniculum vulgare) oil, at various contents, in 1 M HCl solution.
Electrochemical measurements were carried out in a conventional three electrode cylindrical glass cell. The working electrode (WE), in the form of a disc cut from steel, has a geometric area of 1 cm 2 . A saturated calomel electrode (SCE) and a platinum electrode were used as reference and auxiliary electrodes, respectively. The temperature was thermostatically controlled at 298 K. Impedance measurements were carried out using AC signals of amplitude 10 mV peak to peak at the open-circuit potential using Tacussel Radiometer PGZ 100 Frequency Response Analyser in a frequency range 100 kHz to 1 mHz. The inhibition efficiency, E(%) was estimated from the measured charge-transfer resistance, R ct , values using the relation (1):
where R 0 ct and R ct are the charge-transfer resistance values in the absence and presence of the inhibitor, respectively. Polarisation curves were recorded using a potentiostat type Voltalab PGZ 100, at a scan rate of 30 mV/min. The steel electrode was maintained at corrosion potential for 30 min and thereafter pre-polarised at -800 mV for 10 min. The potential was swept to anodic potentials. All test solutions were de-aerated in the cell by using pure nitrogen for 30 min prior to the experiment. During each experiment, the test solution was mixed with a magnetic stirrer and the gas bubbling was maintained. In this case, the corrosion inhibition efficiency (E %) was determined according to the relation (2) )x100 I
where I' corr and I corr are the uninhibited and inhibited corrosion current densities, respectively, determined by extrapolation of cathodic Tafel lines to corrosion potential. Gravimetric experiments were carried out for samples of steel of surface area of 5 cm 2 . These sheets were abraded successively with fine emery paper until 1200 grade. The sheets were then rinsed with distilled water, degreased and dried before being weighted and immersed in 60 mL of the corrosive medium. The immersion time was 6 hours at room temperature (298 K) in air without bubbling in a double walled glass cell equipped with a thermostat-cooling condenser. Each value is the mean of triplicate experiences. The inhibition efficiencies (E%) were calculated using relation (3) 100 (%)
where W corr and W 0 corr are the corrosion rates of steel samples with and without inhibitor, respectively.
Hydro-distillation apparatus and procedure
Samples of fennel (Foeniculum vulgare) were collected in February 2010 from fields around the area of Swanni located in AlHoceima region (Morocco). The dried aerial parts were submitted to hydro-distillation for 4 h using a Clevengertype apparatus according to the European Pharmacopoeia and yielded 1.4 % of oil. The oil was collected, dried under anhydrous sodium sulphate and stored at 4 °C until used.
Gas Chromatography (GC) Analysis GC analyses were carried out using a Perkin Elmer Clarus 600 fast GC apparatus equipped with a single injector and two flame ionization detectors (FID). The apparatus was used for simultaneous sampling to two fused-silica capillary columns (60 m x 0.22 mm, film thickness 0.25 µm) with different stationary phases: Rtx-1 (polydimethylsiloxane) and Rtx-Wax (polyethylene glycol). Temperature program: the oven temperature was programmed from 60 to 230 °C at 2 °C/min and then held isothermally at 230 °C (35 min). Carrier gas: He (1 mL/min). Injector and detector temperatures were held at 280 °C. Split injection was conducted with a ratio split of 1:50. Retention indices (I) of compounds were determined relative to the retention times of series of n-alkanes (C 5 -C 30 ) with linear interpolation, using Van den Dool and Kratz equation and software from Perkin-Elmer. Relative component concentrations were calculated based on GC peak areas without using correction factors.
Gas Chromatography-Mass Spectrometry (GC/MS)
Oil and all collected fractions were analyzed using a Perkin Elmer Turbo Mass detector, directly coupled to a Perkin Elmer Autosystem XL equipped with two fused-silica capillary columns (60 m x 0.22 mm, film thickness 0.25 µm), Rtx-1 (polydimethylsiloxane) and Rtx-Wax (polyethylene glycol). GC conditions were the same as described in GC analysis section. Ion source temperature: 150 °C; energy ionization: 70 eV; electron ionization mass spectra were acquired over the mass range 35-350 Da. Oil injected volume: 0.1 µL; fractions injected volume: 0.2 µL.
Components identification
Identification of the components was based firstly on the comparison of their GC retention indices (RI) on non polar and polar columns, determined according to the retention time of a series of n-alkanes with linear interpolation, with those of authentic compounds or literature data; and secondly on computer matching with commercial mass spectral libraries [23] [24] [25] [26] and comparison of spectra with those of our personal library. Relative amounts of individual components were performed on the basis of their GC peak areas on the two capillary Rtx-1 and Rtx-Wax columns, without FID response factor correction.
Results and discussion

Corrosion tests
The impedance diagrams (Fig. 1) show the corrosion behaviour observed after 30 min of immersion of the steel electrode in the absence and presence of FM oil at various contents at 298 K. The impedance parameters, such as charge transfer resistance (R ct ), maximum frequency (f max ) and double layer capacitance (C dl ), are derived from these investigations and listed in Table 1 . The impedance diagrams (Fig. 1) show semi-circles indicating that charge transfer processes are mainly controlling the corrosion of steel. The charge transfer resistance (R ct ) values are calculated from the difference in impedance at lower and higher frequencies. The double layer capacitance (C dl ) and the frequency at which the imaginary component of the impedance is maximal (-Z max ) are found as represented in equation (4) 
The inhibition efficiency is calculated from the charge-transfer resistance according to equation (1). The impedance response of the steel in acid solution has significantly changed after addition of FM oil, and the impedance increases with increasing FM content. In fact, the presence of FM oil enhances the value of R ct in acidic solution. The values of double layer capacitance are also brought down to the maximum extent in the presence of the inhibitor. The decrease in C dl values is due to the adsorption of FM oil components on the metal surface leading to the formation of a film which limits the corrosive effect of the acidic solution [27] . We also note an increase in the corrosion inhibition efficiency due to the increase of R ct values with the concentration of the inhibitor. Polarisation curves of steel samples after immersion in 1 M HCl in the absence and presence of FM oil at various concentrations are presented in Fig. 2 . As expected, the polarisation curves of the steel were considerably modified when FM oil is added. Indeed, both cathodic and anodic reactions of carbon steel electrode corrosion were inhibited with the increase of FM oil content. This result suggests that FM oil addition reduces anodic dissolution and also retards the hydrogen evolution reaction. The values of associated electrochemical parameters such as corrosion potential (E corr ), corrosion current density (I corr ) and cathodic Tafel slopes (b c ), obtained by extrapolation of the Tafel lines are presented in Table 2 . It is seen that FM oil addition decreases I corr significantly. Also a slight decrease of the corrosion potential to more negative values in the presence of the inhibitor is explained by the catalytic action of naturally oil on anodic branches. We may conclude that the oil acts as a mixed type inhibitor. The adsorption of oil molecules on the metal surface forms a barrier that hinders the access of hydrogen ions to the steel surface and then their reduction on the cathodic sites which can significantly improve the corrosion characteristics. FM oil addition modifies slightly the value of b c , showing that the steel surface is modified when FM oil is present in the aggressive medium. On the other hand, the cathodic current vs. potential curves gave rise to parallel Tafel lines, indicating that the hydrogen evolution reaction is activation controlled, and the adsorption of FM oil does not modify the mechanism of the proton discharge reaction. Moreover, the inhibition efficiency E(%) calculated using I corr , following Eq. (2), increases with oil concentration to attain 77 % at 3 mL/L. Corrosion rates of steel samples were determined in aerated 1 M HCl solution at various contents of FM oil for 6 hours of immersion at 298 K. Table 3 shows the values of inhibition efficiencies and corrosion rates obtained from mass loss method at different inhibitor concentrations. The corrosion rate is found to decrease with the FM oil's concentration. These data indicate clearly that natural oil exhibits an inhibitive effect on the corrosion of steel in 1 M HCl. A maximum of inhibition efficiency in these conditions (73 %) is obtained at 3 mL/L. Fig. 3 shows a histogram that compares the E(%) values obtained. One can see that whatever the method used, no significant changes are observed in E(%) values. We can then conclude that there is a good correlation with the three methods used in this investigation at all tested concentrations and that FM oil is an efficient corrosion inhibitor. The influence of temperature on the corrosion behaviour of steel in acidic medium was also studied in the absence and presence of fennel (Foeniculum vulgare) oil between 313 and 343 K at 1 h using weight loss measurements ( Table  4) . The corrosion rate of steel increases with temperature both in the absence and presence of the inhibitor at a maximal concentration (3 mL/L). The presence of inhibitor leads to a decrease of the corrosion rate. The increase in corrosion rate is more pronounced with the rise of temperature and the apparent activation energy is calculated according to equations (5) 
where W' corr and W corr are the corrosion rates of steel with and without fennel (Foeniculum vulgare) oil, respectively. E' a and E a are the apparent activation energies with and without inhibitor, respectively. Straight lines of Arrhenius law permit the evaluation of activation energies from the corresponding slopes (Fig. 4) . Values obtained of activation energies are E a = 55.36 and E' a = 76.53 kJ/mol, respectively. It is clear that the addition of inhibitor provokes an increase in the values of apparent activation energy. Popova et al. [28] pointed out that the decrease of E% may be attributed to the specific interaction between the iron surface and the inhibitor components. The higher value of activation energy E ' a of the corrosion process, when FM oil is added, when compared to activation energy value E a for the medium without inhibitor, is attributed to an electrostatic adsorption mechanism of the inhibitor [28] [29] [30] . In order to identify the composition of FM oil and to characterize organic compounds responsible for the corrosion inhibition, the analysis of FM oil using GC/FID and GC/MS was carried out. The composition of FM oil was variable according to the area of harvest and the stage of development. The analysis allowed the identification of 21 components which accounted for 96.6 % of the total weight. Their retention indices and their relative percentages are reported in Table 5 . The main constituents were limonene (20.8%) and β-pinene (17.8%) (Fig. 5) , followed by myrcene (15%) and fenchone (12.5%). The adsorption of these molecules could take place via interaction with the vacant d-orbitals of iron atoms (chemisorption). It is logical to assume that such adsorption is mainly responsible for the good protective properties of these compounds. We may easily introduce that inhibition occurs by a synergistic effect of this various molecules [29, [31] [32] .
Limonene β-pinene Figure 5 . Molecular structures of limonene and β-pinene. 
